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• The use of low viscosity oils (LVO) leaded to lower engine fuel consumption.
• SAE 5W20 lubricant diminished the friction losses in the engine.
• At low engine speeds and loads the improvement effect of low viscosity lubricants is more noticeable.
• The "cold start" enhance the low viscosity lubricants effect on fuel consumption.
Introduction
Is a well-known fact that Green House Gases (GHG) emissions from the combustion process which takes place during the working cycle of the Internal Combustion Engines (ICE) contributes significantly to global warming [1] [2] [3] . Additionally, the sustained raising price of the fossil fuels and crude oil's depletion increases the necessity to improve the ICE efficiency [4] [5] [6] .
Furthermore, fuel economy and CO 2 regulations have been imposed in several countries in the recent years both for light duty and heavy duty segments and is expected that these regulations will be more severe in the future [7, 8] .
To face these challenges, OEM's have been working on diverse techniques to reduce fuel consumption and CO 2 emissions which include; direct injection, variable valve actuation, downsizing, stop-start engines, the use of bio-fuels, and so on. Among these proposed powertrain efficiency enhancing techniques, the use of Low Viscosity Oils (LVO) has been studied as a cost-effective way to reduce fuel consumption, based on the principle that the less viscous the lubricant oil is, the less engine power is required to reach some specific operational conditions [9] [10] [11] . Tribologically this assumption is valid when the lubricated interface is under a hydrodynamic regime, which takes place when the lubricant layer thickness is large enough to prevent contact between the moving parts, being the lubricant's inner shear strength the only resistance which goes against the relative movement. Consequently by reducing the oil's viscosity, the magnitude of this resistance tend to diminish leading to reduced fuel consumption. Nonetheless, the viscosity reduction approach must be done carefully when engine oil is being formulated cause less viscosity implies lesser oil thickness, moving the lubrication regimes towards mixed and boundary zones where wear could be increased. It has to be mentioned that the use of LVO does not require additional engine modifications, hence the cost-benefit ratio is wider than for other techniques.
However, the reported benefits of fuel consumption reduction of LVO, in terms of percentage, vary significantly both for the light and the heavy duty segment, ranging from 0,5% to 3,5% depending on many factors like the test nature (i.e. chassis dyno, engine bench test fired, engine test motored, stripping test and so on), engine's constructive characteristics (i.e. valve train system, number of cylinders, injection system, materials, surface finish, fuel, so on), SAE oil viscosity grades used, etc. Historically, the reduction on fuel consumption is greatest when test bench and dynamometer test are performed compared with the results given by "on road" tests, these differences between methodologies can easily be explained by the additional losses that a given vehicle performing an equivalent driving cycle has to overcome (e.g. aerodynamic, rolling resistance, so on).
On the other hand a vehicle performing the same driving cycle on a bench test dynamometer which has not to carry these losses will achieve the cycle profile requiring less power and thus the effect of LVO will be more noticeable.
The target of the study reported in this paper was to explore the potential of using a commercial LVO 5W20 SAE grade oil on a light duty diesel engine's friction and fuel consumption. As a reference baseline, a 5W30 SAE grade oil with the same additive package as the 5W20 was used. For the fired stationary test a 15W40 SAE grade commercial oil with a similar additive package was used as well.
Experimental setup
A high pressure direct injection, 4 cylinder, 1.6 l, turbo diesel engine, which meets Euro 5 regulations for light duty vehicles was employed. The engine specifications and the lubricants main characteristics are shown in Table 1 and Table 2 
Friction and fuel consumption test procedures
As it was mentioned before, the goal of this study is to assess the effect of lubricant viscosity on fuel consumption in light duty vehicle engines. To do so, an initial motored test focused on determining the real potential of the LVO to reduce the engine friction when the engine works on different engine speeds was conducted. This test intended to measure the torque differences required by the dynamometer to reach several engine speeds, being this a clear indicator of possible changes in mechanical losses. Then a screening over the engine's functional map was made by means of a stationary fired test. The purpose of this second test is to report the engine operating points where potential fuel consumption reduction due LVO use are more noticeable.
In this stationary fired test, BSFC obtained for each point with every oil is used as a comparison parameter. Finally, a transient cycle test was performed in order to address the effect of LVO when the engine works under real driving conditions. In this final test, the comparison was made taking into account the overall fuel mass consumed. These three methods are described largely in the following paragraphs.
Stationary motored test
This procedure consists in measure the required torque used by the dynamometer to motor the engine at certain speed. One objection to this method is the fact that in absence of combustion the entirely variables which affect the engine's performance are misplaced (i.e. temperature profiles, air in cylinder pressure, parts strain, etc.). To get a more accurate approximation to the engine's operating conditions, motored tests should be performed after the engine has been working under fired conditions and controlling coolant and oil temperatures [12] .
Although it does not simulate the engine's working conditions due its unfired nature it has been widely used as an indicator of the engine frictional behaviour. For this test in particular, torque measures were taken for seven engine speeds ranging from 1000 rpm to 4000 rpm, every 500 rpm.
Stationary fired test
The test under stationary fired condition took place in order to address the relative impact and possible fuel consumption benefit of LVO in specific Finally, resulting torque registered for each point and oil was used as the main source to compare the BSFC differences leaded by the use of the different lubricant oils. This aproximation could give more precise results than the "iso-power" like test, where the engine could deliver the same power working in different points of its funtional map.
NEDC test
The NEDC test was planned mainly to bear out the gain on efficiency leaded by the LVO when the engine operates on transient conditions. This approach gives the closest approximation of real "on road" benefit in fuel consumption that could be reached by the use of LVO, being this value the most important for OEM and end-users. As these values were used to perform the NEDC it could be said that the comparison between the two oils is made under "iso-power" conditions.
Results and analysis
The results obtained for the three different tests are shown following.
As a general convention, the differences of friction and fuel consumption 
Motored friction test
As it can be seen in Figure 2 and Table 4 , the use of a less viscous oil led to significant lower motor torque values. The friction data from this test presented an increasing trend paired with engine speed, with a local peak at 1500 rpm. The unusual shape for both oils could be explained by an irregular behaviour of pumping losses detected on these engine speeds which lead to indicated pressure increase. From there to 4000 rpm the data shows the typical behaviour of the hydrodynamic regime, with rising values of required torque as the engine speed was increasing. In the same way, the difference of required torque in percentage between oil A and B increased as the engine was reaching higher velocities as it can be seen in Figure 3 . The effect of the oil viscosity on torque required is clearly observed. When the engine speed increases in absence of combustion, the hydrodynamic lubrication regime on the shaft bearings and during the displacement of piston ring in the inner engine block rules over the valve train's mixed regime, hence allowing the less viscous oil to show its lower inner shear resistance as the engine speed increases. It has to be taking into account that as velocity increases the required torque rises for both oil A and B. Despite of the load differences which could be found against a fired test, the motored test confirms the LVO potential when the engine works at medium-high speeds and low loads.
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Stationary fired screening test results
For this test, measures with a third oil, more viscous than oil A and oil B took place. The properties of this oil (Oil C), could be seen in Table 2 .
The results of this test revealed a high correlation between the oil viscosity and the BSFC when the engine works at speeds under 2000 rpm and low loads. Decreases as high as 4% in BSFC when 15W40 is compared to 5W30 as baseline can be found at low engine speeds and low load. Nonetheless, as the load increases, the effect of LVO changes, leading even to an increase on fuel consumption especially at low engine speeds (e.g. as it can be seen in the Table 6 . BSFC can rise when LVO are used at low speeds and high loads).
These result are consistent with studies made before where the influence of load on the tribological conditions where studied [13] . Apparently this trend is mitigated as the engine speed reach values over 2000 rpm, as it could be expected from the lubrication theory.
As it was mentioned before, the effect of LVO on fuel consumption could be clearly seen in the Figure A loss of the effect of LVO over fuel consumption when the engine load was over the 50% was observed. It could be explained by using the Stribeck theory [14] , where an increase in load could lead to a possible increase in the friction coefficient, due the change of the lubrication regime from hydrodynamic to mixed or boundary. The weight of the load increase over the friction coefficient in a particular engine will vary depending on its constructive and functional design and it will be probably different from one to another engine (i.e. the results concerning this study may not be quantitatively directly extrapolated to other engines).
Load 25(%) 50(%) 75(%) 5W30-15W40 -2,06 -1,24 -1,07 5W30-15W40 -0,27 -1,41 -1,05 Table 10 . Differences of fuel consumption at 4000 rpm.
In Figure 7 , shows the trend of BSFC improvement when load is increasing for different engine speeds. The graph shows the linear regression for each data set, all of them with good R 2 values (over 0,8) except for 4000 rpm where the correlation was very low (0,45) due an estrange value at 4000 rpm and 25% of load, which could be a possible measurement error.
As it can be seen the lower the speed, greater the influence that load has over the BSFC improvement. As the engine speed increases the relative effect of load variation on the BSFC improvement decreases. It can be said that at lower engine speeds a greater effect of LVO on fuel consumption could be seen at low loads but this effect rapidly disappears as the load increases. In the other hand, with higher engine speed the effect of LVO on fuel consumption may could not achieve greater values but it can be maintained over the all range of engine loads. The same results can be seen in Figure 8 . It is noticeable that there is an average 1,64% of improvement on the BSFC over the test 12 points when the engine is using 5W30 oil compared against the BSFC when the engine was using 15W40.
NEDC test
Test results indicate that 5W20 SAE grade oil can reduce the fuel consumption around 1,7% compared with a 5W30 SAE grade as it can be seen in Table 11 .
In accordance, Figure 9 shows the accumulate fuel consumption average for each oil during the NEDC cycle period. It can be clearly seen that a major portion of fuel consumption has taken place during the last 400 s of the cycle when the EUDC takes place. However during this cycle, the decrease of fuel consumption is the lowest compared to the other sub-cycles as can be seen in values. In addition, it has to be stated that other engine variables increase the effect of higher fuel consumption while the engine is reaching the optimal operational temperatures. An approximation of oil's temperature trend (measured at the engine sump) during the NEDC performance can be seen in Figure 10 , where the instant temperature for every UDC cycle is plotted both for oil A and oil B. It can be clearly seen that oil temperature increase is slightly minor for oil B which could be interpreted as an indicator of less friction when this less viscous oil is used. Additional analysis on NEDC average fuel consumption data confirm the correlation between the oil temperature and fuel consumption. In Figure 11 a Box-Whisker diagram show the trend of fuel consumption during the NEDC cycle in a clear way. In order to relate these variables better, the average temperature and the fuel consumption average of UDC 1 were taken as a baseline to calculate the relative increment or decrease of these variables during the subsequent UDC cycles. These differentials exhibit a good linear correlation (R 2 = 96, 13) as can be seen in Figure 12 . These data are relevant when the following European driving patterns are taken into account [15] :
• The average trips during the day are around 2,5.
• Nearly 40 % of the trips take place before noon.
• Average commuting distance is around 18 km.
• Average duration of trips takes between 20 and 30 minutes.
• Car is used around 1,5 hours per day. The active parking 1 is around 6,5 hours per day.
1 'Active and inactive parking refers to the time the car is parked between trips during the day and the time the car spends parked until the next day use respectively.'
• The inactive parking is around 16 hours per day.
Taking into account the results from the stationary fired test, and comparing them to the NEDC tests results it can be clearly seen that engine loads and speed of the typical urban driving (see Figure 8 and Figure 13 ) are those where the stationary fired test reported the greatest fuel consumption reduction when the low viscosity lubricants were used, being this reduction as high as 4% when 15W40 and 5W30 are compared in low speeds and low loads.
Another good concordance between stationary fired and the NEDC tests results can be observed in the Figure 14 , where the cumulative fuel consumption difference in grams between 5W30 cycles and 5W20 cycles is plotted for the complete duration of the NEDC. Alongside the engine speed over the NEDC cycle is plotted as well in order to make visible the relation between the engine speed with the effect of oil viscosity on fuel consumption.
As it can be observed, the cumulative difference increases in periods where engine speed and torque (not plotted) are low, mainly during the urban segment of the cycle, whereas during the extraurban segment this cumulative difference tends to diminish (being this an indicator of higher fuel consumption with the 5W20 oil than with the 5W30 oil), especially when medium to high loads are being reached.
Conclusions
As it has been observed, low viscosity oils (LVO) can be considered as a key player in the fight for fuel consumption reduction in the automotive sector.
This reduction could be significant especially when the engine work at low loads. This can be supported by the NEDC cycle tests results (NEDC cycle operates at low speeds and loads since it simulates urban driving conditions in most of its length). In the same way stationary fired points exhibited the same behaviour, however LVO reported higher BSFC when load was higher than 50%. Motored test exposed the potential of friction reduction when LVO are used, mainly when the engine works at hydrodynamic regimes.
The potential contribution to fuel consumption reduction rarely will exceed more than 2%-3% in transient conditions, attending factors such as: engine design, engines displacement, materials used, and so on.
As it was observed, the effect of LVO has to be considered as well in the cold start process. Taking into account the typical daily light duty vehicles use in Europe (less than 80 km/day 2 , an average of 6,5 hours parked during the day, and 16 hours during the night) it can represent a good advantage on fuel consumption reduction.
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Figure captions
• Figure 1 . Stationary fired test points.
• Figure 2 . Motored test results for Oil A and Oil B.
• Figure 3 . Torque differences between Oil A and Oil B.
• Figure 4 . BSFC by oil type at 1000 rpm.
• Figure 5 . BSFC by oil type at 3000 rpm.
• Figure 6 . BSFC by oil type at 4000 rpm.
• Figure 7 . BSFC Improvement vs. engine load using Oil A as baseline for different engine speeds.
• Figure 8 . Contour map of BSFC Improvement of Oil C using Oil A as baseline.
• Figure 9 . Accrued fuel consumption during the NEDC cycle for Oil A and Oil B.
• Figure 10 . Average oil temperatures during each of the UDC cycles during NEDC.
• Figure 11 . Box-Whiskers diagrams for each of the UDC cycles by oil type.
• Figure 12 . Correlation between the oil temperature increase and average fuel consumption decrease during the UDC cycles for Oil A.
• Figure 13 . Engine speed and torque measured during NEDC cycle.
